We perform magnetohydrodynamic simulations in full general relativity of an initially quasiequilibrium binary black hole-neutron star on a quasicircular orbit that undergoes merger. The binary mass ratio is 3 : 1, the black hole has initial spin parameter a/m = 0.75 aligned with the orbital angular momentum, and the neutron star is modeled as an irrotational Γ = 2 polytrope. About two orbits prior to merger (at time t = tB), we seed the neutron star with a dynamically weak dipolar magnetic field [B pole ∼ 10 14 (1.4M /MNS) G] that extends from the stellar interior into the exterior. At t = tB the exterior is characterized by a low density atmosphere with constant plasma parameter β ≡ Pgas/Pmag. Varying β at tB in the exterior from 0.1 to 0.01, we find that at ∼ 4000M ∼ 100(MNS/1.4M )ms following the onset of accretion of tidally disrupted debris, magnetic field winding above the remnant black hole poles builds up the magnetic field sufficiently to launch a mildly relativistic, collimated outflow -an incipient jet. The duration of the accretion and the lifetime of the jet is ∆t ∼ 0.5(MNS/1.4M )s. Our simulations are the first self-consistent calculations in full general relativity that provide theoretical corroboration that mergers of black hole-neutron stars can launch jets and be the central engines that power short-hard gamma ray bursts. While all these studies have made great leaps forward in modeling BHNSs and advancing our theoretical understanding, to date there exists no self-consistent calculation in full GR that starts from the late BHNS inspiral and demonstrates that jets can be launched after NS tidal disruption. This step is crucial to establishing BHNS systems as viable central engines for sGRBs and solidifying their role as multimessenger systems.
Black hole-neutron star (BHNS) binaries are promising sources for detectable gravitational waves (GWs) by ground based laser interferometers such as aLIGO [1, 2] , VIRGO [3, 4] , GEO [5] , and KAGRA [6] . Moreover, mergers of BHNSs have been suggested as the central engines that power short-hard gamma ray bursts (sGRBs); see, e.g., [7] for a review. The GW signal from the inspiral and merger, as well as possible radioactively powered electromagnetic (EM) signals from BHNSs and the effect of different nuclear equations of state, have been explored in full general relativity (GR) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Studies of magnetized BHNS mergers in full GR magnetohydrodynamics (MHD) also have been carried out [26] [27] [28] . Magnetospherically-powered precursor EM signals from BHNS systems have been simulated as well [29] (see [30] [31] [32] for NSNSs).
While all these studies have made great leaps forward in modeling BHNSs and advancing our theoretical understanding, to date there exists no self-consistent calculation in full GR that starts from the late BHNS inspiral and demonstrates that jets can be launched after NS tidal disruption. This step is crucial to establishing BHNS systems as viable central engines for sGRBs and solidifying their role as multimessenger systems.
It is known that, if the initial NS has a B-field confined to its interior, the B-field lines following the BHNS merger are wound into an almost purely toroidal configuration and no jets are launched [26, 27] . The existence of near purely toroidal B-fields in the remnant disk explains why jets cannot be launched magnetically from these systems: as found in [33] , for a magnetized accretion disk with B-fields initially confined to the disk interior, a jet is launched and supported only if these initial seed fields have poloidal components with a consistent sign in the vertical direction. Applying this principle, we demonstrated in [27] that by artificially seeding the remnant disk formed in a hydrodynamic simulation of a BHNS merger with a purely poloidal B-field, an incipient jet is indeed launched. Thus, under the "right conditions" jets can be magnetically launched from BHNS systems. However, identifying the initial configuration prior to tidal disruption that leads to these "right conditions" remains elusive. We note that there exists a calculation for binary NSs which reports jet formation following merger [34] , but a more recent high-resolution study [35] suggests otherwise.
In these early GRMHD studies of BHNS mergers the B-fields were confined to the NS interior. However, NSs are expected to be endowed with dipole B-fields that extend into the NS exterior (as is required by current theories of pulsars [36, 37] ). A more realistic initial configuration for a magnetized BHNS merger should contain a NS endowed with a dipolar B-field extending from the NS interior well into the exterior. This important detail introduces two new features: 1) poloidal B-field lines attached to fluid elements thread the BH prior to tidal disruption, and 2) following disruption, while the B-field in the disk remains predominantly toroidal, the initially poloidal Bfield in the exterior maintains a strong poloidal component threading the low-density debris (see Fig. 1 ).
Motivated by these considerations, we perform ideal GRMHD simulations of BHNS systems and show that they can launch incipient jets provided the NS is initially endowed with a dipolar B-field extending into the exterior. Unless otherwise noted we use units in which G = c = 1.
We carry out the simulations adopting the GRMHD with adaptive-mesh refinement code developed by the Illinois group. This code has been extensively tested [38, 39] and used previously to study different scenarios involving compact binaries and B-fields [27, [40] [41] [42] [43] , including single and binary BHs in gaseous and magnetized media [44] [45] [46] [47] [48] (which also launch jets). Details about the numerical implementation can be found in [39, 43, 49] . In all simulations we use 9 levels of refinement with two sets of nested refinement boxes differing in size and resolution by factors of 2. One set is centered on the NS and the other on the BH. The finest box around the BH (NS) has a side length 1.6 R BH (1.2 R NS ). Here R BH (R NS ) is the initial BH (NS) radius. The finest levels resolve the BH (NS) radius by 30 (40) points. We set the outer boundary at 200M ≈ 1025(M NS /1.4M ) km, and impose reflection symmetry across the orbital plane.
The quasiequilibrium metric plus fluid initial data we use are the same as those in our case B of [27] , and satisfy the conformal thin sandwich equations [50] . The initial NS corresponds to an irrotational, unmagnetized, Γ = 2 polytrope. We evolve these hydrodynamic and metric fields until two orbits prior to tidal disruption (t = t B ), at which point the NS is seeded with a dynamically weak, dipolar B-field generated by a vector potential A φ which approximates the vector potential of a current loop (see Eq. 2 in [29] ). We choose the current and radius of the loop such that in the interior the maximum value of the ratio of magnetic to gas pressure is β −1 = 0.05, which results in a B-field strength at the NS pole measured by a normal observer of B pole 10 14 (1.4M /M NS )G. To evolve the exterior B−field reliably and, at the same time, mimic the force-free conditions that likely characterize the exterior, we set a variable density atmosphere at t = t B such that the exterior plasma parameter β is everywhere equal to some target value β 0 < 1. This choice also allows us to define the surface of the star as the place where the interior β falls to β 0 . For β < β 0 we are in the NS exterior and we reset the exterior rest-mass density such that ρ 0 = 0.5 β 0 b 2 /K. Here b 2 is the magnetic energy density and K = P/P cold is the exterior ratio of the gas pressure to the cold pressure at t = t B . The above prescription guaranties a universal β = β 0 in the exterior at t = t B . We vary β 0 = 0.1, 0.05, 0.01 in order to study exterior conditions ranging from partial to complete B-field pressure dominance, and check that the outcome remains invariant. For β 0 = 0.01 we have b 2 /ρ 0 1 in the vicinity of the NS, and this case provides our best approximation to a force-free environment. As long as b 2 /ρ 0 is not much bigger than unity our high-resolution-shock-capturing MHD code can handle the B-field evolution (see also relevant discussions in in [38, 51] ). With our choice of β 0 the amount of total rest-mass does not increase by more than ∼ 1%, even for β 0 = 0.1. In addition to the three β 0 cases, we also evolve the initial data without seeding any B-fields, as well as TABLE I. Summary of results. Here ΓL is the maximum fluid Lorentz factor near the end of the simulation,Ṁ is the accretion rate when the outflow reaches 100M above the BH poles, M disk is the remnant disk rest-mass normalized to the initial NS rest-mass, α-stress is the range of the ShakuraSunyaev α parameter associated with the Maxwell stresses after the disk has settled for 5M r 12M , LEM is the Poynting luminosity time-averaged over the last 1000M of the evolution, after the jet is well-developed, and computed at r = 60M 826(MNS/1.4M )km. repeating the calculation we performed in [43] with initial poloidal B-fields totally confined to the NS interior. A Γ-law equation of state is adopted for all evolutions. All three of the β 0 cases with an external B-field yield similar outcomes: a magnetically driven, mildly relativistic, incipient jet, which is launched at t jet ∼ 4000 − 6000M 100 − 150(M NS /1.4M )ms after tidal disruption (depending on the value of β 0 ). We define an incipient, magnetized jet as an unbound, collimated, mildly relativistic outflow (Lorentz factor ∼ 1.2), which is at least partially magnetically dominated. As we describe below, the outcome in all three β 0 cases satisfies the above definition. The time t jet is also approximately the delay time between the peak GW amplitude and the jet onset.
As all of our cases demonstrate similar dynamics, below we only show snapshots from the β 0 = 0.01 case, which we consider the canonical one because the exterior pressure is well-dominated by the B-field while β 0 is within the range of what our code can treat reliably. Results for all of the β 0 cases are summarized in Tab. I.
The merger and disk formation are displayed in Fig. 1 and the dynamics are similar to what we reported in [27, 43] for case B, where the initial, purely poloidal Bfields were confined to the NS interior. Following tidal disruption, a disk forms around a spinning BH with spin parameter a/m 0.85. The dynamically weak, initial dipolar B-fields have little effect on the remnant disk rest-mass, which is ∼ 15% of the initial rest-mass at ∼ 1000M 25(M NS /1.4M )ms after the time of peak accretion (at t = t acc = t B + 300M ), and is the same as found in [52] , as expected. The rest-mass accretion rate (Ṁ ), which we compute via Eq. (A11) of [44] , begins to settle to an almost steady state at t − t acc ∼ 2000M 50(M NS /1.4M )ms, and subsequently decays slowly with time (see Fig. 2 ). For the β 0 = 0.01 case, when the outflow reaches 100M above the BH poles, we findṀ = 0.25M /s (see Tab. I for the other cases), at which time the disk mass is ∼ 0.13M (M NS /1.4M ). Thus, the disk is expected to FIG. 1 . Snapshots of the rest-mass density, normalized to its initial maximum value (log scale), at selected times before and after merger. Arrows indicate plasma velocities and white lines show the magnetic field lines. Bottom panels highlight the system after an incipient jet is launched. Here M = 2.5 × 10 −2 (MNS/1.4M )ms.
It is interesting to note that the engine's fuel -the disk -will be exhausted on a timescale entirely consistent with the typical duration of sGRBs: T 90 ∼ 0.5s (see e.g. [53] [54] [55] ), where T 90 is the time over which 90% of the total counts of gamma-rays in the detector have occurred.
To understand the mechanism driving the accretion, we have analyzed the B-fields in the disk. While we resolve the wavelength of the fastest growing magnetorotational-instability mode by at most 5 grid points, we see some evidence for turbulent B-fields in meridional slices of the disk. However, turbulence is not fully developed. Calculating the effective Shakura-Sunyaev α parameter associated with the magnetic stresses (as defined in [46, 47] ), we find that in the innermost 12M 90(M NS /1.4M )km of the disk and outside ∼ 5M 35(M NS /1.4M )km (a rough estimate for the ISCO), α lies in the range 0.01 − 0.04 (see Tab. I), indicating that the accretion is likely driven by magnetic stresses. These values of the effective α are smaller than the value 0.1 typically found in local shearing box calculations (see e.g. [56] ) or in GRMHD studies outside the ISCO (see e.g. [57] [58] [59] ), but similar to what is found in other GRMHD simulations including rapidly spinning BHs (a/M ∼ 0.9) [60] such as ours. Nevertheless, α may depend on resolution [61] : higher resolution is required to accurately model the magnetically-driven turbulence and hence to determine the precise lifetime of the remnant disk.
Neither the evolution without B-fields nor the one with initial B-field confined in the interior, launch jets or show any evidence for an outflow. Instead, consistent with our earlier studies [27, 43] , these runs exhibit inflows only, even though we evolved them for at least 5000M 125(M NS /1.4M )ms. To date no purely hydrodynamic simulation of an accretion disk onto a BH has shown that jets can be launched. Moreover, the run with purely poloidal initial B-fields confined in the NS interior launches no outflow, because the remnant disk B-field is predominantly toroidal. As disks with toroidal B-fields confined in disks do not launch jets [62] , we do not expect these configurations to launch jets even if we evolve them for longer times. While a predominantly toroidal B-field is contained in the remnant disk even in the case where the initial NS B-field extends from the interior into its exterior, now the fluid elements inside the disk are linked via exterior B-field lines to other fluid elements in the disk and fluid elements that were pushed far away during tidal disruption. As a result, the B-field outside the disk possesses a significant poloidal component (see Fig. 1 ). The angular velocity v φ = u φ /u 0 of the plasma on 2D slices parallel to the orbital plane above the BH poles reveals that the fluid is differentially rotating. Therefore, following tidal disruption, magnetic winding of the plasma converts poloidal to toroidal flux [63] . The B-fields above the BH poles thus become wound. This builds up the magnetic pressure above the BH poles until the environment becomes force-free, at which point the inflow is halted and eventually driven into an outflow collimated by the B-field (see Fig. 1 ).
In addition to differential rotation, the "footpoints" of the B-field lines above the BH poles have an associated angular frequency due to the Blandford-Znajek (BZ) effect [64] once the environment becomes force-free [65] . As found in [66] for a monopole magnetic field around a BH with spin parameter a/m = 0.9 (close to the value of 0.85 of the BH remnant here), the ratio of the angular frequency of the B-field (Ω F = F tθ /F θφ , where F µν is the Faraday tensor 1 ) to the angular frequency of the BH [Ω H = (a/m)/m 1 + 1 + (a/m) 2 ], increases from ∼ 0.49 at the pole to ∼ 0.53 near the equator, i.e. the B-field lines rotate differentially. Inside the jet funnel near the BH poles, where the environment is practically force-free in our simulations, the B-field structure roughly resembles that of a split monopole. Thus, when the BZ effect operates we expect Ω F /Ω H ∼ 0.5 [66, 67] . We computed Ω F /Ω H on an x-z slice passing through the BH centroid and along coordinate semicircles of radii r AH and 2r AH , where r AH is the BH apparent horizon radius, and find that Ω F /Ω H 0.1 − 0.45 within an opening angle of 20
• from the BH rotation axis. Therefore, the BZ effect is likely operating in our simulations, and the observed deviation of Ω F /Ω H from ∼ 0.5 is probably due to deviations from a split-monopole B-field, additional mass-loading associated with numerical floors in our calculations, deviations from strict stationarity and the gauge required for our calculation of Ω F , and possibly inadequate resolution. A 10% deviation of Ω F /Ω H in the funnel from the value ∼ 0.5 has been reported even in high-resolution GRMHD accretion studies onto a single spinning BH with a/m = 0.5 [65] .
Following jet launching the outflowing fluid elements in the asymptotically flat regime have specific energy E = −u 0 − 1 > 0, hence they are unbound. The characteristic maximum value of the Lorentz factor reached in the outflow is Γ L ∼ 1.2 (see Tab. I). Thus, the incipient jet is only mildly relativistic. However, in the nearly force-free areas in the funnel we find b 2 /2ρ 0 ∼ 200 (see Fig. 3 ). For steady-state, axisymmetric Poyntingdominated jets, the energy-to-mass flux ratio ( b 2 /2ρ 0 ) is equal to the maximum attainable Γ L in the (asymptotic) jet [68] . The incipient jets found in our simulations thus can be accelerated to Γ L 100 as required by sGRB models [53] . While baryon loading will generally hinder the acceleration of the jet [69] [70] [71] and limit the terminal Γ L , the BZ effect alone, which is captured in our simulations, can accelerate the jet to large Γ L even in the presence of baryon contamination [72] . Thus, the mildly relativistic incipient jets found in our simulations should eventually accelerate to sGRB-level Γ L values. Based on previous tests, we are convinced that the increase in the magnetization in the funnel is robust, but values of b 2 /2ρ 0 exceeding 200 may not be reliable. The level of collimation in the outflow is measured by the funnel opening angle. The boundary of the funnel area in our simulations roughly coincides with the b 2 /2ρ 0 10 −2 contour. Based on this value we estimate the typical opening angle of the incipient jets in all cases to be ∼ 20
• (see Fig. 3 ). To eliminate the possibility that the plasma in the incipient jets originates from the artificial atmosphere only, we have carefully back-traced fluid elements in the funnel and have found that most of the plasma replenishing the matter in the incipient jet originates from the disk.
We compute the Poynting luminosity (L EM = S T r 0,EM dS) on the surface of a sphere of coordinate radius r = 60M 826(M NS /1.4M )km [26] . Typically we find L EM ∼ 10 51 ergs/s (see Tab. I), i.e., consistent with the characteristic sGRB (equivalent isotropic) luminosities [53] [54] [55] .
One of the main differences between the different β 0 cases is the time at which the jet is launched. This is expected as the higher β 0 , the larger the inertia of the atmospheric matter with respect to the B-field, and the stronger the B-field must become in order to overcome the ram pressure to launch a jet. Building up a stronger B-field by winding requires more time, hence higher β 0 generally implies a delay in jet launching which is consistent with our simulations.
To summarize, we have shown via GRMHD simulations that a NS in a BHNS system with an initially, dynamically weak dipolar B-field launches an incipient jet (an unbound, collimated, mildly relativistic outflow) following tidal disruption. The accretion timescale of the remnant disk and energy output are consistent with those of typical sGRBs, demonstrating that the merger of a binary BHNS can indeed provide the central engine that powers a sGRB. In a follow-up paper we will study the effects of different initial B-field strengths, mass ratios, BH spins and atmospheric prescriptions. As ideal MHD codes find force-free environments challenging, our study should be repeated with a scheme specially designed to treat both the dense ideal MHD interior and the forcefree exterior. Thus, in the future we plan to revisit these calculations using a resistive GRMHD code, such as those in [73, 74] .
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